Immature Glycine max (L.) Merrill (20-10-20, per cent as N-P205-K20 equivalent) in water at weekly intervals beginning at 4 weeks after seeding.
position (10) , are tolerant to desiccation, and are capable of germination upon rehydration (10, 15, 16) . During 16 to 21 d in culture, seeds grew to a mature dry weight of 100 to 600 mg seed-' at an average rate of 5 to 25 mg dry weight seed-' d-' depending on initial size (16) . On field grown plants, dry matter accumulation continued at a constant rate of about 5 mg seed-' d-' to near maximum dry weight of about 160 mg seed-' (14) . When cultured in liquid medium, isolated seeds starting at 50 to 70 mg fresh weight accumulated dry matter at an average rate of 5 mg seed-' d-'. The average growth rate increased to five times the field rate when starting seed size was 400 to 450 mg fresh weight (16) . A major limitation to experimentation with these fast-growing, super-sized seeds in vitro is an increase in the frequency of precocious germination. During studies of seed growth and maturation in vitro, control of precocious germination is imperative.
Our objective was to evaluate seed growth and precocious germination after various changes to the medium, including periodic addition of glutamine and/or sucrose during culture, ' Funding by Allied Corporation. Agronomy Department Series Paper
No. 1510. altered initial concentrations of glutamine and sucrose in nine combinations, and addition of mannitol or ABA to the starting medium.
MATERIALS AND METHODS
Plant Growth. Soybean (Glycine max [L.] Merrill cv Chippewa 64) plants were grown in a greenhouse as previously described (15) . Nodulated plants were watered thoroughly as needed and supplemented with 1 g/pot of complete fertilizer (20-10-20 , per cent as N-P205-K20 equivalent) in water at weekly intervals beginning at 4 weeks after seeding.
Seed Culture. Seeds were selected and cultured as previously described (16) . Single excised seeds without pods were transferred aseptically into presterilized 1 25-ml Erlenmeyer flasks containing 20 ml of liquid medium. Standard medium was prepared as previously described ( 15) , except that Na2MoO4 was omitted and the complete medium was sterilized by ultrafiltration. Alterations to the standard medium included 5-ml additions of 62.5 mm glutamine and/or 146 mm sucrose solution at 4, 8, and 12 d during culture; adjusting initial medium to 73, 146 (standard), and 296 mM sucrose and 31.25, 62.5 (standard), and 125 mm glutamine (in all combinations); addition of 100 to 300 mm mannitol and adjustment to 73 mM sucrose in otherwise standard medium; and addition of 0.01 to 100 ,gM ABA and adjustment to 73 mm sucrose in otherwise standard medium. ABA was dissolved and diluted in 95% ethanol, and 5 ul ofethanol solution was added to 20 ml of medium to obtain the final concentrations indicated. Osmolality was measured by a freezing point osmometer. Harvested seeds were air dried to 12% water content before dry weight determinations. Starting dry weight was estimated from starting fresh weight by a regression equation (16) . Seeds which germinated precociously were excluded from seed weight and seed growth rate calculations (16) . Air dried seeds were germinated on rolled paper towels at 25°C for 3 or 5 d unless otherwise indicated. Experimental results from two to four replicate experiments are expressed as frequency, percentage, or numerical mean ± SE.
Postharvest Germination. To evaluate the effect of growth medium on postharvest germination, seeds were harvested after 14 d in culture to optimize germination potential (16) . At this time axis tissues were yellow and the edges of cotyledons were starting to yellow. Delayed harvest resulted in declining postharvest germination potential (16) . After excluding seeds which precociously germinated or failed to grow, cultured seeds were harvested aseptically and air dried to 12% water content during 2 weeks at 25C and 60 to 70% RH. Dry seeds (embryos) were humidified overnight to about 17% water content before germination on paper towels saturated with glass distilled H20 at 25°C for 3 or 5 d unless otherwise indicated.
Control seeds (matured on plants) were air dried and germi-nated on paper towels saturated with the respective seed growth media to evaluate the potential toxicity to germination.
RESULTS AND DISCUSSION Seed Size. Precocious germination during seed growth in standard medium was seldom a problem when starting seed size was below 300 mg fresh weight (Table I) . However, as starting seed size increased to 500 mg fresh weight, up to 50% or more of the seeds germinated precociously. Precocious germination was observed primarily as root growth during in vitro culture, in contrast to both hypocotyl and root growth during normal germination. In some cases, distal hypocotyl tissues became swollen with lateral roots growing from the swollen tissues.
Precocious germination was observed approximately 10 (15, 16) . Germination was highest if seeds were removed from culture after axis tissues became yellow but before complete loss ofgreen color in cotyledon tissues (87 to 94% of maximum dry weight) (16) . The germination potential of small soybean seeds and embryos has been demonstrated by other workers (2, 3, 14) . In concurrence with our results, Ackerson (2) also was unable to induce precocious germination in 'Wye' soybean embryos less than 3 weeks old (approximately 100 to 150 mg fresh weight per seed).
Glutamine and Sucrose Additions. Addition of glutamine solution during growth of large seeds in vitro markedly stimulated the frequency of precocious germination (Table II) . Addition of sucrose solution alone did not stimulate precocious germination, and sucrose reversed the stimulation by glutamine solution. Seeds of this size normally have 5 to 15% precocious germination in standard medium (Table I ). The fact that additions of water alone were sufficient to stimulate precocious germination (Table  II) , indicated that solute concentration was important.
When adjusted for slight differences in starting seed size, harvested dry weight of seeds which did not precociously germinate varied little among treatments in contrast to larger changes in the frequency of precocious germination (Table II) . Thus, the additions appeared to affect precocious germination primarily. The dry weight growth patterns suggested a possible influence of the relative concentrations of glutamine and sucrose in the medium on seed dry weight accumulation in vitro (Table II) . Postharvest germination of air-dried seeds was 90% for seeds matured in standard medium, but germination was low for seeds which were matured in medium receiving additions ofglutamine, sucrose, or water (Table II) . Since the increase in volume of the medium may have contributed to a decline in postharvest germination potential, the volume ofthe medium was kept constant in subsequent experiments.
Sucrose-Glutamine Concentrations. Sucrose concentration strongly affected precocious germination (Table III) from 64 to 15% (Table III) . These results suggested that precocious germination may be regulated by sucrose concentration (perhaps an osmotic effect) and that glutamine concentration was less important in the regulation of precocious germination during in vitro growth of large soybean seeds. Although related to sucrose concentration, the frequency of precocious germination appeared to be regulated by factors other than the C:N ratio of the seed growth medium (Table III) . At a C:N ratio of 14.1 mgC:mgN, the frequency of precocious germination ranged from 0 to 65%. Likewise, at a C:N ratio of 8.1, the range was 4 to 64%. Comparing the highest and lowest C:N ratios, the frequency of precocious germination was 0 and 15%, respectively. The high C:N ratios were not evaluated at low osmolality.
Days in culture were not markedly altered by sucrose concentration, glutamine concentration or C:N ratio, although an increase in glutamine from 62.5 to 125 mm resulted in seeds yellowing 3 to 4 d earlier (Table III) . Expansion of seed tissues as judged by seed fresh weight and mg H20 per seed at harvest, was enhanced by high glutamine and low sucrose concentrations. Cotyledons were visibly more expanded when grown in 73 mm sucrose, and the seeds retained a higher per cent water content at harvest. With 73 mm sucrose medium, distal hypocotyl tissues had considerable cell proliferation and occasional proliferation of cotyledon tissues, but tissue proliferation was markedly less with 146 or 296 mm sucrose medium. Seed weight at harvest and seed growth rate were influenced more by glutamine concentration than by sucrose concentration (Table III) . Average growth rates ranged from 8 to 16 mg dry weight seed-' d-' for the period of culture. Highest growth rates occurred in 125 mm glutamine medium, but these seeds yellowed sooner, signaling a shortened duration of the filling period.
Seed dry weight at harvest after culture in standard medium (treatment E) was exceeded only by treatments C and F (Table  III) . Tissue proliferation and enhanced precocious germination events preclude the use of 73 mm sucrose (treatment C, Table  III Although the C:N ratio was not correlated (r = -0.38) with seed growth in vitro, the C:N ratio of the 296-mM sucrose, 62.5-mM glutamine medium (treatment H, Table III ) was comparable to that of leaf petiole exudate (13) and seed coat exudate (20) , while the C:N ratio of the standard medium was comparable to that of pod phloem exudate (13) .
Mannitol Additions. Addition of mannitol to 73 mM sucrose medium reduced the frequency of precocious germination without decreasing seed growth rate and dry weight accumulation (Table IV) . No precocious germination was observed when starting osmolality was 374 mOs or higher (Table IV) . Although some variability occurred in individual flasks, the average osmolality of the medium in flasks containing a precociously germinated seed was not significantly different than the osmolality of the starting medium (data not shown). Our results confirm the importance of sucrose or mannitol concentrations (osmolality) of the medium in control of precocious germination during soybean seed growth in vitro. Sucrose concentration and osmolality of the medium appear to be important for the prevention of precocious germination during embryo culture of several species (4, 8, 18 (Table I) . Likewise, increased osmolality of the medium would be required to prevent precocious germination with increased starting seed weight during the last half of seed fill. A differential in solute potential between the axis tissues and cotyledon tissues (as observed by Yeung and Brown [22] ), would be consistent with an osmotic prevention ofprecocious germination without inhibition of seed growth (Tables III, IV) . (Table V) to the low levels observed in standard medium for seeds at the same starting size (Table I ). ABA concentrations of 0.01 to 100 gM had no effect on seed growth and dry matter accumulation during culture of initially large seeds (Table V) . Since young soybean seeds contain high levels of ABA (1, 2, 7, 17) , it was not surprising that in vitro growth of seeds (Table V; [ 16] ) or excised cotyledons (1, 19) was not affected by addition of ABA. Ackerson (1) observed a stimulation in in vitro dry weight growth of soybean embryos by 1 uM ABA only when embryos (20 to 60 mg initial fresh weight) had not yet reached peak ABA concentration in vivo. ABA is generally recognized as a potent inhibitor of precocious germination (2, 4-6, 8, 9, 12, 21) . The decrease in concentration of ABA during rapid dry matter accumulation in soybean seeds (1, 2, 7, 17) and a lower ABA concentration in axis tissues than in cotyledons or seed coats (17) is consistent with the increase in precocious germination at larger starting seed weights (Table I) . Ackerson (2) noted an enhanced frequency of precocious germination of soybean embryos with a decline in endogenous ABA concentration to less than 4 gg/g fresh weight, but a reduction in ABA did not always result in germination. Inhibition of precocious germination by exogenous application of 1 ,AM ABA (Table V) is similar to results with other species (4, 6, 8) . The onset of dormancy during Arabidopsis seed development correlated with the presence of embryo controlled ABA but not with maternally controlled ABA or exogenously applied ABA (1 1). However, Karssen et al. (11) concluded that restricted access to water may be the most important limiting factor for prevention of precocious germination in vivo.
Postharvest Germination. Seeds grown in 146 or 296 mm sucrose medium retained a postharvest germination potential of 80 to 90% (Table VI) . In contrast, seeds grown in 73 mm sucrose medium, a treatment with 65% precocious germination (Table  III) , had a postharvest germination potential of 40 to 50% (Table  VI) . Addition of mannitol to 73 mM sucrose medium, to prevent precocious germination, enhanced the growth of postharvest seedlings without improving the frequency of postharvest germination. The addition of ABA to 73 mm sucrose medium appeared to restrict the potential for postharvest germination. Seed cultured in glass-distilled H20 without an exogenous energy source failed to increase in dry weight and retained green color. After desiccation, these seeds also failed to germinate.
Seeds cultured in glass-distilled H20 without an exogenous energy source failed to increase in dry weight and retained green color. After desiccation, seeds which were cultured in glassdistilled H20 also failed to germinate. Control seeds which were matured on plants exhibited superior germination and seedling growth on paper towels saturated with water. Germination of control seeds on paper towels saturated with seed growth medium was greater than 90% (except in medium with high osmolality), but seedling growth was markedly reduced. Hypocotyl growth was reduced 70% and root growth was reduced more than 90% in the presence of seed growth medium (Table VI) . Hypocotyls were thickened in treatments with severe root growth inhibition.
Conclusion and Recommendations. During growth and maturation of large soybean seeds in vitro, precocious germination and other abnormal tissue growth can be prevented by high concentrations of sucrose or mannitol in the medium or by addition of ABA to low osmolality medium. For most experiments, 296 mm (10%) sucrose would be recommended for soybean seed growth and maturation in vitro when starting seed size is greater than 250 mg/seed fresh weight (weight may vary with cultivar). The high sucrose concentration provided substrate for seed growth, adjusted osmolality of the medium, permitted optimum seed dry weight growth without abnormal tissue growth, and prevented precocious germination of large seeds during culture while preserving postharvest germination potential. For experiments requiring a low osmolality medium, addition of 100 ,M ABA to the medium would prevent precocious germination, but the potential for postharvest germination may be reduced. In all cases of in vitro growth of soybean seeds in liquid medium without pods, we were unable to prevent the rupture of the seed coat (16) . Therefore, care must be taken to avoid mechanical injuries to the embryo during in vitro growth and also during rapid dehydration and/or rehydration.
